This tutorial presents a detailed discussion of the generation of a Bose-Einstein condensate (BEC) of chromium atoms. This constitutes the first realization of a Bose-Einstein condensate of atoms with strong dipole-dipole interaction. Due to the special electronic and magnetic properties of chromium atoms, standard methods cannot be applied to generate a chromium BEC. The tutorial contains a detailed discussion of the techniques that we use to create the chromium BEC. Compared to all other BECs that have been created so far, chromium atoms have an extraordinarily large magnetic dipole moment and therefore underlie strong magnetic dipole-dipole interaction which is in contrast to the contact interaction that stems from s-wave scattering of the atoms, long-range and anisotropic. A steadily growing number of theoretical publications show that many interesting new phenomena are expected to occur in a 'dipolar' BEC. An experimental investigation of the expansion dynamics of the chromium BEC provides the first experimental proof of a mechanical effect of dipoledipole interaction in a gas. We describe the condensate by a hydrodynamic model of a superfluid that takes dipole-dipole interaction into account. Our experimental results are in excellent agreement with this theory. We are able to determine the relative strength parameter of the dipole-dipole interaction and deduce the s-wave scattering length of chromium atoms. These two quantities allow us to completely describe the interaction of the atoms in the condensate. The experimental results presented here make the chromium BEC the most promising system for further investigations of dipolar effects in degenerate quantum gases.
Introduction: interactions-the flavour of quantum gases

A bit of BEC history
The first observation of Bose-Einstein condensation in a dilute atomic vapour-the emergence of a macroscopic quantum state in a many-body system-marked the start of a new era in quantum and atomic physics. Within only a few months in 1995, three groups reported the successful generation of Bose-Einstein condensates (BEC) in ultracold rubidium [1] , sodium [2] and lithium [3] gases. Only 6 years later, Carl Wieman, Eric Cornell and Wolfgang Ketterle were awarded the 2001 Nobel prize in physics for their pioneering work on the physics of this new state of matter. Since then, the field has gained the ever growing interest of experimentalists as well as theoreticians. In the following years BECs succeeded in vapours of hydrogen [4] in 1998, potassium [5] and metastable helium [6] in 2001, and cesium [7] and ytterbium [8] in 2003. All of these elements have their own characteristics. Rubidium and sodium are the 'work horses'. They are very well understood systems which permit the routine production of very large condensates [9] with a comparably low technical effort. Lithium is outstanding due to its effective attractive interaction, and the existence of bosonic and fermionic isotopes which have been brought to degeneracy at the same time [10] . Hydrogen is the simplest atomic system which allows for exact calculations of interatomic potentials. Potassium is also interesting because it has bosonic and fermionic isotopes, and metastable helium is outstanding due to its high internal energy which offers distinguished diagnostic possibilities [11] . Cesium atoms show a very broad Feshbach resonance [12] [13] [14] which makes them perfectly suited for control of the scattering properties, besides being of technical interest since cesium atomic clocks define our time standard. Ytterbium-so far the only non-alkali, non-rare gas atom in the BEC family-stands out due to its vanishing magnetic moment and narrow optical transitions which makes it a promising candidate for precision measurements.
With chromium, the ninth element has joined the family of Bose-Einstein condensates [15, 16] . The peculiarities of chromium point in yet another direction. It is outstanding because it introduces a new kind of interaction into the field of degenerate quantum gases. In contrast to all chemical elements that have been successfully brought to quantum degeneracy, chromium atoms have an extraordinarily large magnetic moment of 6 µ B in their 7 S 3 ground state. Since the long-range and anisotropic magnetic dipole-dipole interaction (MDDI) scales with the square of the magnetic moment, this comes along with a MDDI between two chromium atoms that is a factor of 36 higher than in alkali BECs. The large magnetic moment stems from the unique electronic structure. While the alkalis, which form the largest group among the Bose-Einstein condensates, all have rather simple electronic configuration with only one valence electron, chromium has six valence electrons with aligned spins (total spin quantum number S = 3). In contrast to a classical gas, interactions play an important role in a BEC. In fact, although these interactions are very weak, all essential properties of Bose-Einstein condensates of dilute atomic gases are determined by the strength, range and symmetry of the interactions present. An additional interaction with different symmetry gives therefore rise to new physical phenomena that can be explored in a chromium BEC.
In all other Bose-Einstein condensates, the short-range and isotropic contact interaction that arises from s-wave scattering between the atoms is by far dominant. Many exciting phenomena based on this type of interaction have been studied (reviews are given in [17, 18] ). Early experiments with the newly available state of matter aimed at studies of the influence of interactions on the thermodynamic properties of the gas. Deviations of the specific heat and the transition temperature from ideal gas theory were studied [19] and the mean-field interaction energy was measured [20] . Interactions also manifest in the excitation spectrum of a Bose-Einstein condensate by a modification of the eigenfrequencies of elementary excitations [21] [22] [23] . With the generation of quantized vortices and vortex lattices [24] [25] [26] in Bose-Einstein condensates, another spectacular type of collective excitations was observed, a phenomenon characteristic for superfluid systems.
The use of Feshbach resonances to tune the contact interaction has opened new possibilities of control over such systems. By applying an external magnetic field to tune the s-wave scattering length it is possible to explore extreme regimes from strongly repulsive to very small and strongly attractive interaction. One prominent example called 'Bosenova' is the collapse and explosion of a BEC when the contact interaction is suddenly changed from repulsive to attractive [27] . Feshbach resonances have also been used to create BECs of bosonic molecules formed by fermionic atoms [28] [29] [30] and to study the BEC-BCS crossover in these systems [31] [32] [33] [34] [35] [36] .
The quantum-phase transition from a superfluid to a Mott insulator state [37, 38] observed in three-and one-dimensional lattices, respectively, is also a result of the sophisticated interplay between external potentials, quantum-statistics and inter-particle interaction. Optical lattices were also used to enter the Tonks-Girardeau regime [39] , where the so-called fermionization of bosonic atoms due their repulsive interaction is observed when the dimensionality of the confining potential is reduced. With these experiments, Bose-Einstein condensates and dilute gases entered the field of strongly correlated many-body systems-a regime that had previously been a domain of solid-state physics. In this sense, an atomic gas can act as a model system for solid-state physics [40] .
Why dipolar BECs are interesting
It is evident that creating a Bose-Einstein condensate of atoms that are subject to an interaction with different symmetry and range than the contact interaction will also introduce new collective phenomena. It has been shown in [41] [42] [43] [44] that the anisotropy of the MDDI introduces an anisotropy in the density distribution of a trapped dipolar condensate. The experimental observation of a modification of the condensate expansion due to the MDDI that was proposed in [45] is a central point of this tutorial. The regime of dominant dipole-dipole interaction can be entered by using a Feshbach resonance to lower the contact interaction. Moreover, a continuous transition between both regimes of dominant dipole-dipole or contact interaction is possible.
The properties of a BEC are modified even more when the dipole-dipole interaction is the dominant interaction. Due to the anisotropic character of the MDDI, most of the expected effects depend strongly on the symmetry of the trap. Modifications of the groundstate wavefunction [41, 43, 46] and the stability criteria of dipolar condensates in different trap geometries were studied [41, 42, 47] . In pancake-shaped traps [48] , modifications of the eigenmodes of elementary excitations are expected [47, 49] , as well as the occurrence of a roton-maxon in the excitation spectrum. The existence of new quantum phases was proposed for the case of a dipolar condensate in a two-dimensional optical lattice. Depending on the angle between the magnetic moments and the lattice plain and on the lattice depth, transitions between the superfluid, the supersolid (a superfluid with a periodic modulation of the macroscopic wavefunction) and the insulating checkerboard phase (similar to a Mott insulator but where occupied lattice sites are neighboured by unoccupied ones), are predicted to occur [50] . Dipolar BECs are also discussed in the context of spinor condensates [51, 52] . The combination of large spin and magnetic moment leads to interesting new effects like the conversion of spin into angular momentum [53] . Very recently, the influence of MDDI on the formation of vortex lattices in rotating dipolar BECs has been studied [54] [55] [56] . In these publications, a dramatic influence of the relative strength of the MDDI with respect to the s-wave interaction on the symmetry of the generated lattice structure was found. If the dipole-dipole interaction is strong enough, the existence of 2D solitons is expected [57] . Tuning of the MDDI is possible by spinning the quantization axis of the atomic dipoles [58] together with the Feshbach tuning of the contact interaction. This allows for the exploration of all these effects in regimes of almost arbitrary different ratio between the two types of interaction. The huge variety of physical phenomena that are predicted for dipolar BECs and the steadily growing number of theoretical work on these effects make dipolar quantum gases one of the most exciting fields of atom optics.
The way to a dipolar quantum gas
Finding and generating a degenerate gas where dipole-dipole interaction plays an important role was, however, not so easy. The Bose-Einstein condensates that existed before the chromium BEC were produced mainly from group-I species which all have only very small magnetic dipole moments around one Bohr magneton. The only exceptions are ytterbium, which is diamagnetic in its ground state, and metastable helium, whose magnetic dipole moment is also small. Promising candidates for the observation of dipole-dipole interaction in a quantum gas would be heteronuclear molecules that come up with large permanent electric moments. But although a lot of effort is currently being made to produce ultracold ensembles of molecules either by buffer gas cooling [59] , selecting slow atoms from a thermal source [60] , cooling them directly [61, 62] , or by producing them from ultracold heteronuclear atomic mixtures using Feshbach resonances [63] [64] [65] [66] , longlived degenerate ensembles of heteronuclear ground-state molecules do not exist. Recently, ultracold heteronuclear molecules have also been produced for the first time using an rf technique to create the molecules in an optical lattice close to a Feshbach resonance [67] . One major problem at the moment is that molecules produced by the use of these techniques are not in their internal ground state but in short-lived highly excited ro-vibrational states, and, as in the latter case, that the production rates of molecules in lower internal states are very low.
The alternative is to use atoms with large magnetic moments. Although the dipole-dipole interaction between such atoms is much weaker than for electric dipoles, the magnetic moment of 6 µ B of chromium atoms is large enough to lead to observable effects of the dipole-dipole interaction in a Bose-Einstein condensate which has been shown in the framework of my PhD project and will be discussed in this tutorial. Moreover, if a Feshbach resonance is used to tune the s-wave scattering length to smaller values, the relative contribution of the magnetic dipole-dipole interaction can be made even larger, such that it should be possible to enter the regime were it represents the main contribution to the interaction potential of the atoms in the condensate.
The path, however, that finally led to the generation of a chromium BEC was long and required a lot of experimental and theoretical work on all aspects of cooling and trapping. Two experimental setups and a yearly growing number of lasers involved in the experiment were needed. In contrast to the alkalis, only little was known about the spectroscopic and scattering properties of atomic chromium when our chromium experiment was started. The complex electronic structure made ab initio calculations of the molecular potentials difficult and important spectroscopic properties and trapping strategies were unknown. The s-wave scattering length-the most important parameter for evaporative cooling, of which neither sign nor modulus was known-had to be determined experimentally to find out whether the generation of a Cr-BEC would work at all. The successful operation of a chromium magnetooptical trap and repumping on the intercombination lines [68] as well as the development of a continuous loading scheme [69] [70] [71] of chromium atoms into a magnetic trap were important steps towards the production of a chromium BEC.
Further progress was achieved with the first measurement [72] of the s-wave scattering length a Cr = 170 ± 39 a 0 and the development of a Doppler cooling technique that allowed us to cool the sample optically within the magnetic trap [73] . Later, the scattering length was determined with much higher accuracy to be a Cr = 102 ± 13 a 0 at zero magnetic field from a comparison of experimentally observed Feshbach resonances to theoretical results [74] .
With respect to magnetic trapping and evaporative cooling in a magnetic trap, an extraordinary large magnetic moment is not always of advantage. Besides the many promising possibilities of studying dipole-dipole interaction in a quantum gas with chromium, the dipoledipole interaction also induces new loss mechanisms. The probability of inelastic collisions due to dipolar relaxation [75] scales with the third power of the total spin. This leads to very large loss rates of magnetically trapped chromium atoms of β dr = 2.5 × 10 −12 cm 3 s −1 at B = 1 G and T = 10 µK. This extreme dipolar relaxation rate causes standard condensation techniques to fail in a magnetic trap and necessitates much more elaborate methods for the creation of a chromium BEC. Also a different approach relying on cryogenic buffer gas loading and evaporative cooling of chromium did not succeed due to large losses [76, 77] .
The preparation technique that is finally used to generate a chromium Bose-Einstein condensate combines magneto-optical, magnetic and optical cooling, pumping, and trapping techniques [16] . It requires novel strategies, which are adapted to the special electronic structure of chromium and the need to circumvent relaxation processes that originate from the dipolar character of the atoms. The energy of a quantum-mechanical state in this potential characterized by the quantum numbers n = (n x , n y , n z ) is E n =h(ω x (n x + 1/2) + ω y (n y + 1/2) + ω z (n z + 1/2)). In such a trap, the phase-space distribution of non-interacting thermal bosons is
Theoretical concepts
Interactions in a Bose
and the spatial distribution is given by the integral over momentum space
Here g(3/2) is the polylogarithm or Bose-Einstein integral [78] 
In a similar way, one obtains the momentum distribution
where ω ho = (ω x ω y ω z ) 1/3 is the geometric mean of the trap frequencies. The total number of atoms is given by the sum of the occupation numbers of all states N tot = i n i . The set of occupation numbers {n i } of the states |i for indistinguishable, non-interacting bosons is given by the Bose-Einstein distribution function
where i are the single-particle partition functions
and z = e µ/ k B T = e βµ is the fugacity given by the chemical potential µ that represents the energy needed to add a particle to the system while all other variables of the system (such as temperature and pressure etc) are kept constant.
For the case of a harmonic potential, the total number of atoms therefore has to follow the equation
To provide that (a) n i stays positive for all states and (b) the occupation number n 0 does not diverge, which would happen if E 0 = µ, follows that µ be smaller than the smallest singleparticle energy E 0 . This leads to the dilemma that for T → 0, all occupation numbers n i and therefore also N tot would be 0. If one demands a fixed non-zero number of particles N tot in the system, the only way to circumvent this problem is that for T → 0, the chemical potential µ tends towards E 0 in such a way that the lowest single-particle state has a macroscopic but not infinite occupation. 
where ω = (ω x +ω y +ω z )/3 is the arithmetic mean of the trapping frequencies. The population of the excited states is
where the sum on the left may be replaced by the integral on the right if the level spacinḡ hω is much smaller than the thermal energy k B T , such that these states can be treated like a continuum. Solving the integral leads to
For a fixed number of indistinguishable bosonic particles, the population of the excited states saturates when the temperature approaches the critical temperature for Bose-Einstein condensation T → T c which leads to the transition temperature T c [79] :
Below this temperature, the ground-state population grows as
The ground state of N non-interacting particles is a simple product state
, where φ 0 ( r) is the lowest single-particle state
The density distribution
has a Gaussian shape whose width given by the oscillator lengths
y, z and independent of the number of particles. Thus a condensate is always much smaller than a thermal distribution which has a width of σ T = a ho,i (k B T /hω) 1/2 , i = x, y, z. The appearance of a sharp peak in the density distribution is therefore one indication of the presence of a Bose-Einstein condensate in a trapped gas.
The momentum distribution in the condensate is obtained by integrating (13) in space. The thermal distribution is always isotropic, whereas the condensed particles are localized with an uncertainty of h 3 in the phase space. Hence their momentum distribution in an anisotropic potential is anisotropic, too. The variance σ p,i of their momentum distribution in direction i is inversely proportional to the harmonic oscillator length a ho,i = √h /(mω i ) in that direction:
If a gas is released from a non-spherical trap and allowed us to expand freely by a sudden switch-off of the confining potential, the way it expands is a clear indication of whether it is a thermal gas or in a Bose-condensed state. After long expansion times, a thermal cloud will always obtain a spherical shape due to its isotropic momentum distribution whereas a condensate expands anisotropically with a larger momentum in the direction where it initially obeyed the stronger confinement.
2.1.2.
Critical temperature of a trapped interacting gas. In the case of repulsive interaction, the peak density is reduced and one can expect the transition of the critical pase space density n peak λ 3 dB > ζ (3/2) to be reached at lower temperatures compared to a non-interacting gas. Interaction among atoms in the thermal cloud and between thermal atoms and the condensate fraction leads also to a suppression of the thermal density in the centre and to the occupation of higher energy states than without interaction. To estimate the influence of interaction on the critical temperature, one can use an approach similar to that for trapped ideal gases where the atoms additionally interact with the self-consistent mean field such that they are moving in an effective potential [80] :
where n( r) is the total density n = n c + n T . The thermal density can be calculated by replacing U ext ( r) in equation (2) by U eff ( r) − µ. Right at the critical temperature T c , the total number of atoms fulfils
where the critical chemical potential µ c is the lowest energy eigenvalue of the Hamiltonian (15) . The leading contribution to the total energy in a large system stems from the interactions; thus it can be approximated by µ 
For a simpler representation of the condensate fraction in the presence of interactions, we first define the following two parameters: the first one is the ratio between the chemical potential (equation (27) ) of the interacting system calculated with the Thomas-Fermi approximation at T = 0 and the critical temperature T 0 c of the non-interacting model:
where additionally the numerical coefficient α = 15 2/5 ζ(3) 1/3 /2 1.57 has been introduced. The second parameter is the reduced temperature t = T T 0 c , i.e. the ratio between the temperature of the system and the critical temperature of the ideal gas. The temperature dependence of the condensed number of atoms can be calculated by integrating the distribution function (1) over the whole phase space:
where one neglects the kinetic term and takes the Thomas-Fermi approximation for the effective mean-field potential U eff ( r) − µ ≡ |U ext ( r) − µ|. With the parameters ϑ and t that we have introduced above, the condensate fraction of an interacting gas is given by [82] 
2.1.3. Mean-field description of an interacting BEC. In the second quantization, the Hamiltonian that describes a system of N interacting bosons trapped in an external potential is given bŷ (21) . The problem can be simplified using a mean-field approach (described in detail, e.g., in [82] ) by replacing the field operatorˆ with its expectation value φ( r) = ˆ ( r, t) . To justify this, most of the particles have to be in the ground state, which means that this approximation can be good only in systems far below the transition temperature. In such a fully condensed state, all atoms are in the same single-particle ground state where φ( r) is given by the product of the single-particle states. The classical field φ( r) is related to the condensate density by n 0 ( r) = |φ( r)| 2 and often referred to as the condensate wavefunction.
The relevant interactions in most ultracold gases are collisions which can be described by a single parameter, the s-wave scattering length [83] [84] [85] , independent of the exact details of the interaction potentials. Therefore the interaction term V ( r − r ) can be replaced by a δ-like contact potential
with a coupling constant g that is only related to the s-wave scattering length a and mass m. The scattering length a characterizes the range of the interaction. If this range is much smaller than the average inter-particle distance (n|a| 3 1), the total N-particle interaction can be represented by the sum of all pair interactions and the above treatment is justified. If we use this contact potential and replace the field operatorˆ by the expectation value, we get the time-dependent Gross-Pitaevskii equation
which describes the atomic motion in the external field and the molecular field generated by all the other atoms in the condensate. In the stationary case where the only time dependence is in the global phase, the time dependence can be separated out and one gets the time independent GPE
Although in the experiments discussed in this paper, the gases are always dilute and weakly interacting systems (n|a| average total interaction energy in (24) with an average densityñ on the order of N a
ho and the average kinetic energy is on the order of the ground-state energy of the harmonic oscillator. Thus E kin ∝ Na −2 ho . A measure for the ratio of interaction energy to kinetic energy is then given by
The Thomas-Fermi approximation.
In typical experiments, a/a ho is on the order of 1/1000 which means that for atom numbers of 10 3 and more, interactions play an important role. Typical BEC experiments realize condensates containing 100-10 7 atoms and the chromium condensates that will be discussed in this work contained up to 10 5 atoms. Hence in most experimental situations, and particularly our chromium condensates, interactions are not only important but are the dominating contribution to the GPE.
In this case, the contribution of the quantum pressure (kinetic energy) termh 2 ∇ 2 /2m · n( r) in the GPE only plays a role in the very outer regions of the condensate and can be neglected. This is the so-called Thomas-Fermi (TF) approximation where the GPE simplifies to
One finds a direct solution for the condensate wavefunction and density distribution:
The relation between the chemical potential, number of particles and trapping frequencies is fixed by the normalization of the density n T F ( r) which yields
This implies that the energy that is needed to add a particle to the system is the same everywhere and is equal to the chemical potential, given solely by the sum of the external potential and interaction energy µ = U ext ( r)+E int = U ext ( r)+gn( r). As a consequence, the condensate has a sharp boundary where the density vanishes (n = 0). This boundary is given by the condition U ext ( r) = µ that defines the Thomas-Fermi radii of the cloud in terms of trap frequencies and the chemical potential (27) :
Solution (26) implies that the density profile in the Thomas-Fermi approximation recovers the inverse shape of the trapping potential with aspect ratios of
The density n 0 in the centre of the cloud, where U ext ≡ 0, is given by the interaction energy
The TF solution is a good approximation if 
Magnetic dipole-dipole interaction in a Bose-Einstein condensate
The interactions that have been discussed in the previous sections are isotropic and short range which permitted us to treat them like delta-like contact potentials in the mean-field approach. The magnetic dipole-dipole interaction that plays an important role in a chromium Bose-Einstein condensate, in contrast, is anisotropic and cannot be treated as a short-range interaction.
Due to these two differences, the presence of significant dipole-dipole interaction changes the properties of a BEC and also the mathematical treatment dramatically. Due to the long-range character, not only the local density but the whole density distribution of atoms determines the interaction potential of an atom in the cloud.
Interaction potential. Consider two atoms (figure 1) with a magnetic moment µ m = µ m e µ oriented along the direction of an external magnetic field B ( µ m B).
Here e µ is a unit vector defining the orientation of the magnetic moment. The interaction energy of the two dipoles separated by the vector r is given by
The strength of the dipole-dipole interaction is given by the pre-factor of (31). This strength can be compared to the coupling constant g of the s-wave interaction (22) and measured by the dimensionless dipole-dipole strength parameter
It is chosen such that a homogeneous condensate is unstable 2 against collapse if ε dd > 1 in a static magnetic field [41] . With the scattering length a Cr = 103 a 0 of 52 Cr [74] and its magnetic moment of µ = 6 µ B in the ground state 3 , the dipole-dipole strength parameter of chromium is ε Cr dd = 0.148. This is much larger than for any other element that has been cooled to quantum degeneracy so far. The alkalis which form the largest family of Bose-Einstein condensates have a magnetic moment which is six times smaller than that of chromium; thus the magnetic dipole-dipole interaction among them is a factor of 36 smaller than in a chromium BEC. The corresponding strength parameters are ε dd = 0.0064 for 87 Rb and ε dd = 0.0035 for 23 Na.
As has been shown in [58] , in general the dipole-dipole interaction U dd can be tuned by using a time-dependent field to align the dipoles
B(t) = B(cos ϕ e z + sin ϕ(cos( t) e x + sin( t) e y )),
where e x , e y and e z are unit vectors defining the x-, y-and z-axis, respectively. The rotation frequency of the magnetic field around the z-axis has to be chosen such that the magnetic moments can adiabatically follow the rotation but fast enough for the atomic motion on the time scale of one rotation to be negligible. In this case, the atoms will feel a time-averaged dipole-dipole interaction. This is provided if ω Larmor ω trap and puts a constraint on the minimum field to be used since the Larmor frequency of the atomic precession is ω Larmor = µ m B/h. The effective long-range interaction between atoms oriented in such a field and separated by the vector r is then given by
where ϕ is the angle between the magnetic field direction and the z-axis and is the angle between the separation vector r and the z-axis. Using this method to tune the dipole-dipole interaction strength and additionally utilizing a Feshbach resonance [74] to tune the s-wave scattering length a close to zero will permit us to explore different regimes of dominating short-range or long-range interaction and effective attractive or repulsive dipole-dipole interaction.
Trapped dipolar condensates.
Due to the long-range character of the dipole-dipole interaction, the mean-field potential depends on the whole density distribution of a condensate instead of only the local density. For a density distribution n( r), the mean-field potential is [41, 49] 
With this additional interaction, the Gross-Pitaevskii equation (23) gets the form
t). (36)
O'Dell et al have shown in [49] that even under the influence of the dipole-dipole mean-field potential dd ( r), the wavefunction has the shape of an inverted parabola in the Thomas-Fermi limit (compare section 2.1.4). As in the case of pure contact interaction, a wavefunction of the form
is a self-consistent solution of the superfluid hydrodynamic equations [82] derived from the Gross-Pitaevskii equation (36), also in the presence of the dipole-dipole interaction [49, 86] . R x , R y , and R z are the Thomas-Fermi radii similar to the discussion in section 2.1.4. The anisotropy of the dipole-dipole interaction manifests itself in a modification of the aspect ratio of the trapped condensate. In the case of an axially symmetric trap, one derives the following equations for the aspect ratio κ = R ⊥ /R z [58, 86] : where
. Setting the dipole-dipole interaction to zero (ε dd = 0), i.e. notionally 'switching off' the dipole-dipole interaction, (38) reveals the well-known TF relation (29) for the aspect ratio. Given a trap anisotropy λ, one can find a solution for the condensate anisotropy κ by solving (38) numerically. To understand the anisotropy of the condensate, we look for the dipole potential (35) that is generated by the aligned dipoles of the BEC. Let us, for simplicity, assume a spherically symmetric trap (ω x = ω y = ω z ≡ ω 0 ). The more general case of an anisotropic distribution does not change the qualitative considerations made in the following.
As already discussed, the density distribution of the Bose-Einstein condensate has the shape of an inverted paraboloid as depicted in figure 2(a). Inside the condensate (r < R T F ), the dipole-dipole mean-field potential at a position r with distance r from the centre of mass is given by [49, 58, 86] inside
This equation shows that the potential is harmonic in r but has an angular dependence. Note that the term in the square brackets varies depending on the angle between the orientation of the dipoles e µ and the position vector r from −2 to +4 for parallel or antiparallel position and polarization vectors, respectively. The potential therefore has the form of a saddle with a negative curvature along the direction of magnetization and a positive curvature in the transverse direction. Outside the condensate, the potential looks like the field generated by N dipoles that are located in the centre of the distribution and is given by
The total potential dd ( r) = inside dd figure 2 (b) where z is the direction of alignment of the dipoles.
The presence of such an anisotropic potential in addition to the isotropic trap has the consequence that the total energy (41) can be minimized if the atoms redistribute from regions where dd is positive to regions where it is negative. The redistribution leads to a decreasing contribution of the dipole-dipole energy E dd and a repulsive contact interaction among the atoms prevents the BEC from collapsing. Even if the redistribution happens on the cost of increased potential energy and contact-interaction energy, it will be favoured as long as the total energy is diminished in doing so. Hence the redistribution leads to an elongation along the direction of magnetization and a contraction perpendicular to it.
Expansion dynamics of a dipolar condensate.
Now let us consider a dipolar BEC released from a trap. After switching off the trapping potential, only the contact interaction and the dipole-dipole interaction contribute to the potential terms in the GPS. Since the interaction energy will be converted into kinetic energy during expansion, the quantum pressure term has to be considered, too. The contact interaction part of the mean-field potential reveals the same parabola shape as with pure contact interaction and the dipole potential dd ( r) still has its (harmonic) saddle shape (see figure 2(b)). Caused by the negative curvature of this energy term in the direction of magnetization, the gradient of the total mean-field energy (U mf = g|φ( r)| 2 + dd ( r)) in this direction will be larger than without dipoledipole interaction. Therefore the atoms obey a larger acceleration along the direction of magnetization. In the directions perpendicular to the magnetization, the curvature of the dipole potential is positive. Thus the repulsive contact interaction is weakened by the dipole-dipole interaction in the transversal direction and the acceleration perpendicular to the magnetization is smaller. The general trend of deforming the condensate with an elongation along the magnetization and a contraction in the transversal directions is kept also during the expansion of the condensate.
This behaviour of the expanding condensate is somewhat counter-intuitive because one might have in mind the simple picture of two parallel bar magnets that repel each other in the direction perpendicular to the bars. This naive picture would suggest that the cloud expands faster in the direction perpendicular to the polarization of the atoms. But since the atoms in a gas can move almost freely, i.e only on the cost of higher potential energy in the trap and restricted by the repulsive contact interaction, the total energy is minimized by redistributing atoms from the transversal to the longitudinal direction as long as the gain in potential energy and contact interaction energy is small compared to the loss of dipole-dipole interaction energy. Compared to a non-dipolar condensate, expansion is therefore always faster in the direction of polarization and the condensate becomes more elongated in this direction during time of flight.
To analyse this quantitatively, the expansion has to be treated numerically but with a much simpler equation (47) than a three-dimensional nonlinear Schrödinger equation (36) [43, 44, 87, 45] . In the Thomas-Fermi limit (section 2.1.4), solutions for the density distribution n( r, t) = φ( r, t) e iϕ( r,t) and the velocity field v that is related to the phase ϕ( r, t) by
According to the hydrodynamic theory of Bose-Einstein condensates [82, 88, 89] , the density and the superfluid velocity fulfil the continuity equation and the Euler equation
respectively, where the external potential U ext has to be set to 0 to study the expansion, and where U mf is the mean-field potential including s-wave and dipole-dipole interactions. The density and velocity are time dependent through the radii R i (t) and the coefficients α i (t).
, α i (t) are given by
The radii follow the equations of motion
H tot /N being the total energy per particle. H tot = H kin + H ext + H mf consists of the classical kinetic energy (neglecting ground-state motion)
the energy in the external trapping potential
and the mean-field energy which consists of the s-wave scattering and dipole-dipole interaction energies
Here f (R x , R y , R z ) is a function that depends on the trap anisotropy and the orientation of the atomic dipoles. Defining the aspect ratios κ yx = R y /R x and κ zx = R y /R x and considering the case of polarization along x, the function f (κ yx , κ zx ) is given by
and
and where F(ϕ\α) and E(ϕ\α) are incomplete elliptic integrals of the first and second kinds, respectively [90] . The equations of motion (47) can now be solved numerically, using (50), (51) , and (48) to calculate the derivatives of H tot .
Experimental apparatus and detection techniques
3.1. The apparatus 3.1.1. The UHV chamber. All experiments that are discussed in this paper have been carried out in an ultra-high vacuum (UHV) steel chamber. An outline drawing of the main parts is depicted in figure 3 . Large parts of the experimental setup have been discussed in detail in several previous works [91] [92] [93] . The vacuum apparatus consists of two chambers: the lower oven chamber and the upper trapping chamber. A beam of chromium atoms is generated in the lower chamber by a resistively heated high temperature effusion cell operating at 1600
• C. The pressure in this chamber is held on a 10 −9 mbar level by a 75 l/s Ion getter pump during operation of the effusion cell. An 80 cm long Zeeman slower connects the oven to the upper science chamber which contains the magneto-optical, magnetic and optical traps and where all experiments are performed. This chamber is also pumped by a 75 l/s Ion getter pump and additionally by a thin layer of titanium as a getter material on the inner walls of the chamber which can be refreshed by a titanium sublimator from time to time. The pressure in the upper chamber stays beyond the range of our ion gauge of <10 −11 mbar all the time during operation of the apparatus. This low pressure in the region of the trap is a very important prerequisite to keep the probability of collisions between trapped atoms and molecules from the background gas low which allows for long storage time of the trapped atoms.
The magnetic trap.
The magnetic trapping potential is generated by a set of watercooled coils in a cloverleaf configuration [20] . The currents through the coils can be ramped up to 300 A to generate a maximum axial curvature of 324 G cm −2 and a maximum radial gradient of 201 G cm −1 resulting in typical trap frequencies of 73 Hz in axial and 800 Hz in the radial direction at 1 G offset field. All currents can be set and switched by our Labview based computer control system [91, 94] . The symmetry axis of the magnetic trap is in the horizontal direction and defines the z-axis of the experimental setup. The vertical axis is referred to as the y-axis and the third one as the x-axis. Three extra sets of coils are wound around the body of the chamber to produce additional homogeneous magnetic fields (∼2 G A −1 per pair of coils) in all three directions. They are separately controllable to compensate for external fields and the offset field produced by the magnetic trap as well as to apply the quantization fields necessary for imaging and optical pumping. Fast switching of all magnetic fields is provided by the use of MOSFETs and-particularly for large currents-IGBTs (insulated gate bipolar transistors) 4 .
Cooling and repumping lasers.
The main laser system of the apparatus produces the blue light at 425.6 nm that is needed for optical cooling and imaging on the 7 S 3 ↔ 7 P 4 transition. Figure 4 shows the schematic setup. Infrared light with a wavelength of 851.1 nm from a Ti:sapphire laser 5 pumped by an argon ion laser 6 is frequency-doubled by a brewster cut lithium triborate (LBO) crystal in a monolithic ring cavity. The system is stabilized by Doppler-free polarization spectroscopy of the 7 S 3 ↔ 7 P 4 transition in a chromium hollow cathode lamp with a lock-in technique to reduce noise. With a pumping laser power of 17 W and an infrared power of 2 W, we are able to produce 800 mW of blue light. In the normal experimental operation, we limit the blue power to ∼500 mW because higher intensities lead to thermal lens effects in the crystals of the acousto-optical modulators (AOM) used to adjust frequencies and intensities.
Atoms can decay from the excited state 7 [96] resonant with the 5 D 4 ↔ 7 P 3 transition at 663.2 nm. A second laser system with identical setup is available for the 5 D 3 ↔ 7 P 3 transition at 654 nm but is usually not used because the gain in atom number is small compared to the previous one and not worth maintaining this system. These lasers are locked to the modes of a Fabry-Perot resonator close to the transition wavelength using the Pound-Drever-Hall sideband modulation scheme [97] . The cavity is made of Zerodur and Invar-which have very low thermal expansion coefficients-and it has a free spectral range of 75 MHz. A small part of the light is used for locking and can be shifted by double-pass AOMs, such that the output of the laser systems is on resonance with the atomic transitions. The thermal drift of the cavity is about 2 MHz h −1 . All lasers can be switched on and off by mechanical shutters and the cooling and imaging light can additionally be dimmed and tuned in a range of ±10 around resonance by AOMs.
Optical dipole trap.
The laser that is used to generate the light for the optical trap is an Yb-fibre laser 8 which operates at a wavelength of 1064 nm and which provides a maximum power of 20 W. This laser has a linewidth of λ = 1.65 nm, corresponding to a coherence length of λ 2 / λ = 0.7 mm which prevents the formation of a standing wave in the optical trap. The optical setup that is used to prepare two TEM 00 mode beams and to focus them to the centre of the experimental chamber is depicted in figure 5 . The light coming from the laser is collimated to a diameter of 4.7 mm by the head of the fibre. The linear polarization of the light allows one to split it up into two beams with adjustable intensity ratios using a polarizing beam splitter and a λ/2-plate. Acousto-optical modulators in both optical beam paths allow for a precise, independent control of both laser intensities and the possibility of a rapid switch-off for time-of-flight imaging with a suppression of the laser intensity of ∼45 dB. Two telescopes in each of the beam paths are used to expand the beams before they are focussed by two f = 500 nm lenses with 5 cm diameter. We focus the main beam to a waist of 29.5 µm and shine it in horizontally through the centre of the cloverleaf coils of the Figure 6 . Schematic setup of the frequency-doubled master-slave diode laser system used to generate the 427.6 nm light for optical pumping.
magnetic trap. It usually carries optical powers of 9 W to 12 W. The second beam is shone in through a viewport from below the chamber in the vertical direction. It is focused to 50 µm and is used to form a dimple in the potential of the horizontal beam (see section 4.1). Usual operation of this beam is at 4-5 W. In the centre of the chamber, the two beams cross under an angle of 90
• . The two final mirrors before the chamber are equipped with coatings that are highly reflective for the 1064 nm trap light and highly transmissive at 425 nm. In this way, the horizontal MOT beam and the vertical pumping beam on the 7 S 3 → 7 P 3 transition can be shone in from behind these two mirrors.
3.1.5. Laser system for optical pumping. Optical pumping (see section 4.3) of the atoms from m J = +3 to m J = −3 on the 7 S 3 ↔ 7 P 3 transition requires light with a wavelength of 427.6 nm. To generate this light, an additional laser system was set up in the framework of this thesis. It is based on an injection-locked master-slave [98] diode laser system operating at twice the blue wavelength (855.2 nm). This infrared light is frequency doubled by a potassium-niobate (KNbO 3 ) crystal [99, 100] in a home-made monolithic ring cavity. A schematic representation of the laser setup is found in figure 6 .
Once the laser is on resonance (indicated by a decrease of the number of atoms when we expose the MOT to the pumping light), the grating of the master diode is locked to the nearest lock point of the Pound-Drever error signal of the same reference cavity on which also the repumping lasers for the metastable states are locked. Due to the free spectral range of 75 MHz, this lock point is at most 37.5 MHz (in the infrared light) away from resonance. The slave laser is shifted back on resonance by a double-pass acousto-optical modulator (AOM) between the master and slave diodes. With about 70 mW of infrared power coming from the slave diode, the system produces up to 6 mW of blue light at 427.6 nm. However, for the pumping only a few hundred microwatt are needed.
Absorption imaging
Throughout the experiments presented here, the method used to image the atomic cloud is absorption imaging. In this technique, the cloud is illuminated with a probe beam of resonant light in the direction of the imaging system (see figure 7) and casts a shadow on the photosensitive chip of a CCD (charge coupled device) camera.
While passing in the x-direction through a cloud of atoms with density distribution n( r), the intensity I ( r) of the probe beam with frequency ω p is reduced by dI ( r) = −σ (ω p )n( r)I ( r) dx, where σ (ω p ) is the photon scattering cross section. Integration along x yields: (54) which is equal to Beer's law I (x) = I 0 e −ρ O x for constant density n where ρ O is the optical density. As a result, the intensity profile I (x, y, z) of the probe beam after crossing the cloud contains information on the column density
3.2.1. Imaging system. The setup of our imaging system is outlined in figure 7 . Imaging is performed in horizontal (x-)direction. Two identical 2 inch achromatic lenses with a focal length of 300 mm and a measured magnification of 1.0 are used to map the density distribution onto the photosensitive chip a CCD camera 9 . Fast switching is provided by a double-pass AOM in front of the fibre coupler. A λ/4-wave is used to generate σ + or σ -light, depending on which Zeeman state has to be detected. The spatial resolution of the imaging system determined using a standard USAF-1951 test target 10 is ∼8 µm-just above the diffraction limit.
A small homogeneous magnetic field is applied along the direction of the probe beam to align the atomic dipole moments for the detection of both, m J = +3 or m J = −3 atoms in the ground state. Its magnitude corresponds to a detuning of ±2. 5 from the m J = ±3 → m J = ±4 transition, respectively. In both cases, the σ -polarized light pumps the atoms to the extreme Zeeman state m J = ±3 from where they can only be excited to m J = ±4. We therefore treat them as two-level atoms.
Extracting data from images.
Because the extension of the trapped cloud is close to or even below the resolution of our imaging system, all images are taken after some time of flight. Such an image not only monitors the initial distribution of atoms in space, but, as the time of flight gets longer, it is more and more determined by the momentum distribution or, in the Thomas-Fermi limit, by the interactions.
The total number of atoms is determined by fitting a distribution function to the density profile on the image and integrating this function over the whole image plane. The temperature of the cloud is determined from the width of the respective distribution. Depending on whether the cloud is purely thermal, partly condensed or a pure condensate, the proper distribution functions have to be used for the fits.
Thermal clouds far above T c . If interaction between the particles can be neglected, which is usually the case in thermal clouds, the velocity distribution is kept constant also after releasing the cloud from the trap. The density distribution of the cloud after a time t of free flight is therefore given by the convolution n( r, t) = n( r − vt, t = 0)n v (| v|) d v, where (n( r) is the spatial distribution and n v (| v|) is the (isotropic) velocity distribution. The resulting Gaussian has a standard deviation [101] of
and the column density distribution (55) recorded on the camera chip is given by Systems close to T c and clouds containing a condensate. In clouds still above but close to the critical temperature, the difference between the Maxwell-Boltzmann and Bose-Einstein distributions starts to be important. At temperatures close to T c , the enhanced occupation probability of lower lying states in the harmonic trapping potential has to be regarded when fitting the density distribution. It has been shown by Bagnato et al in [79] that in the ideal gas limit, at temperatures much higher than the level spacing k B T hω, a semiclassical approach can be used to approximate the spatial distribution resulting in
Integration along the x-direction yields
To evaluate images by fitting the above formula to the data, we approximate the polylogarithm g α (z) = ∞ j =1 z j j α by carrying out the summation up to j = 20. The g 2 function that is used in this equation assumes a chemical potential of µ = 0 (i.e. a fugacity z of 1). Besides the fact that this is not true for partly condensed clouds, this simplification neither includes interaction of the thermal cloud with itself nor with the much denser condensate fraction in the centre of the trap. Hence it is not suited to fit the temperature of the thermal cloud [102] . We therefore use (57) to measure the temperature, restricting the fit to the far outer wings of the thermal cloud where the chemical potential is much smaller than the kinetic energy and Bose enhancement is low [19] . The number of atoms however is obtained from the fit of (59) . It still contains a systematic error due to the above-mentioned neglect of interaction.
The resulting best fit is subsequently subtracted from the absorption image and we fit the column density of the Thomas-Fermi distribution (26) ,
to the remaining part of the image to determine the size of the condensate. Here we assume that considering the condensate as being in the Thomas-Fermi limit is always a good approximation since the cloud usually contains a sufficiently large number of atoms in all experiments discussed here.
Trapping chromium atoms
Chromium atoms in an optical dipole trap
One of the crucial factors that made Bose-Einstein condensation of chromium possible is the step from a magnetic to a purely optical trapping potential. This technique allows one to trap atoms in the energetically lowest Zeeman state where dipolar relaxation is suppressed. The optical trap is loaded by superimposing the optical trap potential with the magnetic trap and cooling the trapped sample in this hybrid optical/magnetic trap to temperatures below the depth of the optical trap using radio frequency (rf) evaporation. A large part of the sample is transferred to the pure optical trap by ramping down the magnetic trapping potential adiabatically subsequent to rf cooling. In this way, the atoms that were magnetically trapped before, slowly expand into the optical trapping potential. The trap is formed by two crossing beams produced by a Yb doped fibre laser that delivers 20 W of infrared light with a wavelength of 1064 nm (see section 3.1.4). The light is detuned far to the red from any transition from the ground state 7 S 3 of chromium. In this regime, where the scattering rate of photons is much smaller than the spontaneous decay rate sc , a classical treatment of the dipole force describes the trapping mechanisms well. A nice discussion of such traps can be found in [103, 104] by Grimm, Weidemüller and Ovchinnikov where they present a detailed review of theoretical and experimental aspects of optical traps.
Real atoms possess many electronic transitions between energy levels which can have a complex fine and hyperfine sub-structure. In such multilevel systems, the shift of a ground state |g j in the laser field depends on all dipole matrix elements between the ground state and the excited states
. However, for the realization of optical traps, usually far detuned lasers are used to prevent heating by keeping the photon scattering rate low. In this very far detuned case, where the detuning of the trap laser from any transition is much larger than the fine structure splitting (δ F S ), can the fine, hyperfine, and the magnetic sub-structure be ignored [104] . The multilevel problem reduces to summing the contributions of the different electronic states that couple to the ground state without considering the substructure. Each of the possible transitions can be treated like a two-level system with the same transition strength, independent of the laser polarization.The resulting dipole potential U dip of the ground state and the total photon scattering rate sc are
Here ω j is the frequency of a certain transition from the ground state, ω is the frequency of the laser field, and 0 is the average linewidth of the fine structure levels of the respective transition. These equations give good approximations under most realistic conditions of dipole traps where the detuning is large and saturation effects can be neglected. The decay rates 0 and transition frequencies ω 0 of the transitions that have to be considered are best obtained from spectroscopic data and can for example be found in the NIST database [105] . The relation between scattering rate and dipole potential in far off resonant traps is very simple,
showing that in a trap with the same depth, the scattering rate can be reduced by increasing the detuning. Therefore, optical dipole traps are preferably operated rather at large intensities than small detunings. Figure 8 shows the properties of the transitions that have to be taken into account to calculate the trap parameters for ground state 52 Cr atoms [105] . All transitions are at wavelengths below 427 nm. The transitions, that contribute significantly to the trap potential of chromium are the a 7 S ↔ y 7 P transition at 359 nm and the cooling transition a 7 S ↔ z 7 P at 427 nm. All other transitions are at least two orders of magnitude weaker and even farther detuned from resonance in the 1064 nm laser field. The resulting dipole potential and photon scattering rate are
The heating rate due to photon scattering iṡ
Trap geometry. In a Gaussian beam, the dipole trap potential is given by
where r and z are the radial and longitudinal positions with respect to the focus of the beam, z R is the Rayleigh range and w 0 is the minimum beam waist of the laser field. The trap depth U 0 is the potential energy in the focus of the beam where the intensity of the light field is I 0 .
If the thermal energies k B T are much smaller than the potential depth U 0 , most of the atoms reside in the central region of the potential. The extension of the cloud is much smaller than the waist in the radial direction and the Rayleigh range in the axial direction. In this region, the optical potential in (66) is best approximated by a three-dimensional harmonic oscillator with an axial symmetry along the optical axis:
where ω r = are the harmonic oscillation frequencies in the radial and axial directions, respectively. Typically, the radial trap frequencies of optical traps are relatively high compared to magnetic traps but the depth is much smaller. Another difference to magnetic traps is that trap depth and frequencies cannot be varied independently 11 .
Loading the optical trap
Preparation of a cold cloud in the magnetic trap.
The high magnetic moment in the ground state as well as in the metastable states of chromium allows for a continuous loading scheme (CLIP-trap) [71, 69] of magneto-optically cooled atoms directly into a magnetic Ioffe-Pritchard (cloverleaf) trap. The loading procedure is illustrated in figure 9 . After being slowed down by a Zeeman slower, the atoms are laser cooled and trapped in a two-dimensional magneto-optical trap (MOT) in the radial direction of the Ioffe-Pritchard trap. The curved field along the trap axis does not allow a usual MOT operation. Therefore the atoms are only cooled in this direction using a σ + -σ + optical molasses. For both the MOT and the molasses, the 7 P 4 ↔ 7 S 3 is used. Due to the branching ratio of P →S / P →D = 250 000:1 between transitions from the excited 7 P 4 to the 7 S 3 ground state or the long lived 5 D 4 and 5 D 3 states an atom undergoes on average 250 000 cycles on the cooling transition before it eventually decays to one of the metastable states. These states have a magnetic moment of 6 µ B and 4 µ B , respectively. Without the repumping laser, the metastable states are decoupled from the cooling cycle and atoms which end up in a low-field seeking sub-state 12 of these states stay trapped in the shallow magnetic potential (radial gradient 13 B = 9.5 G cm −1 , axial curvature B = 7.5 G cm −2 ) used during the loading stage. With this technique we accumulate about 1.3 × 10 8 magnetically trapped atoms at roughly the Doppler temperature [106] of 124 µK and a phase-space density (PSD) of a few times 10 −9 within a loading time of 10 s. The number of magnetically trapped atoms in the metastable states is limited due to light induced collisions [70] . After the steady-state number of atoms in the magnetic trap is reached, the cooling lasers are switched off and the atoms in the 5 D 4 state are pumped back to the ground state within 20 ms using laser light resonant with the 5 D 4 ↔ 7 P 3 transition at 663.2 nm (see section 3.1.3). The magnetic trap is subsequently being fully compressed by ramping up the currents through the trap coils to 300 A. In doing so the cloud is heated up again to ∼1 mK and Doppler cooling of the optically dense cloud [73] is performed within the trap at an offset field of 14 G using the cooling beam propagating in z-direction. This Doppler cooling step increases the phase-space density by two orders of magnitude to ∼10 −7 without losing atoms. Subsequently, the currents through the coils are lowered to form a trap with an aspect ratio as close as possible to the later shape of the optical dipole trap to provide for efficient transfer between the traps.
Radio-frequency evaporation.
In this trap, we perform radio-frequency (rf) evaporation [107, 108] where high energetic atoms are selectively removed from the trap by transferring them to untrapped Zeeman states when they come into resonance with a radiofrequency field while moving to the outer high-field regions of the magnetic trap. To reduce the temperature gradually, we sweep the rf frequency in 3 linear ramps from 45 MHz down to 1.25 MHz. After this step, the cloud contains 4.5 × 10 6 to 5 × 10 6 atoms at a phase-space density of 10 −5 and a temperature of 22 µK. The overall gain in phase-space density during the magnetic trapping phase is thus about four orders of magnitude whereas the number of atoms is reduced by 1.5 orders of magnitude.
Transfer into the optical trap.
Beginning from the first rf-ramp, the magnetic trap is superimposed by a single-beam ODT in the horizontal direction with the same symmetry axis as the magnetic trap. This trap is formed by beam I in figure 5 and figure 3(b) with a maximum power of 9.8 W. The energy cutoff in this hybrid trap is still given by the resonance position of the rf field. In contrast to the radial direction, where the optical trap is much steeper than the magnetic trap, the axial confinement is still dominated by the magnetic potential. Thus atoms need a larger energy to reach the region where the rf-field is resonant in radial than in the axial direction. If the temperature of the atoms is comparable or smaller than the depth of the optical trap, evaporation can only happen in z-direction and the cooling efficiency becomes weak.
We adjust the magnetic offset field during the hybrid trapping phase to a few tens of Milligauss by applying some extra current in the bias coils. A low offset field in the centre leads to a radial compression of the magnetic trap and therefore improves the mode matching of the magnetic and the optical traps. The final frequency of the rf-sequence is chosen such that the highest number of atoms is transferred adiabatically to the single-beam optical trap by ramping down the magnetic trapping potential within 100 ms. We achieve a transfer efficiency of 40% with 2 × 10 6 atoms in the ODT. The phase-space density at this stage is 5 × 10 −5 , a factor of five higher than the phase-space density that is found in the pure magnetic trap after the final rf-ramp without an optical trap present.
Transfer to the lowest Zeeman state
Even at a very low magnetic offset field, dipolar relaxation leads to a redistribution of the atoms among the Zeeman sub-states and to heating. A heating rate of 3 µK s −1 at an offset field of 0.7 G, and a relaxation rate constant on the order of β dr = 1 ×10 −12 cm −3 at 0.15 G have been measured in an optical dipole trap [92] . Figure 10(b) shows the field dependence of dipolar relaxation in the results of two lifetime measurements in the optical trap at the magnetic offset fields of 0.8 G and ∼0 G, respectively.
The only way to suppress this relaxation process completely is to bring all atoms to the energetically lowest Zeeman state in a magnetic offset field B 0 k B T /µ. Relaxation from this state to higher Zeeman states is energetically forbidden if the atoms do not have enough kinetic energy to bring up the difference in Zeeman energy that is needed to occupy such a level. We use optical pumping to polarize the atoms in the lowest Zeeman state. When the trapped atoms are exposed to pure σ − light resonant with the 7 S 3 ↔ 7 P 3 transition at a wavelength of 427.6 nm , the energetically lowest m J = −3 state is a dark state. The σ − light drives m J = −1 transitions from |g, m J to |e, m J − 1 from where the decay happens to |g, m J − 1 , |g, m J or |g, m J + 1 with a probability given by the corresponding Clebsch-Gordan coefficients as depicted in figure 11(a) . Atoms that end up in |g, −3 remain Figure 11(b) shows numerical solutions of the occupation numbers of the different m Jstates during optical pumping together with the experimental data. To be able to resolve the time dependence in the experiment, the optical power in the beam was reduced to only a few µW such that 300 ms were needed to transfer the atoms to m J = −3. To distinguish atoms in m J = +3 from those in m J = −3 in absorption images, the probe beam was blue (red) detuned and σ + (σ -) polarized to detect m J = +3 (m J = −3) atoms, respectively. The numerical simulation also includes the rate of the very fast decay that is observed in the beginning of the optical trapping phase. When we use 0.5 mW of laser light, the efficiency of the transfer is close to 100% which is reflected in a dramatic increase of the lifetime of the trapped cloud from ∼6 s in m J = +3 to > 140 s in m J = −3 as shown in figure 12 . This long lifetime is a very important precondition for efficient evaporative cooling in the optical dipole trap. To prevent later thermal redistribution of the spins, the magnetic offset field of 11.5 G used for pumping is kept on during all further preparation steps.
Evaporative cooling
The phase-space density (PSD) of the chromium sample after the transfer into the optical dipole trap is ∼5 × 10 −5 . To increase the PSD, we use evaporative cooling in the optical dipole trap. Radio frequency (rf) induced evaporative cooling of chromium atoms in a magnetic trap has already been demonstrated in earlier works [92] . The principle of evaporative cooling is the withdrawal of atoms from a sample which carry more than the average energy. Thus the average energy per atom in the remaining sample is lower than before. Evaporative cooling has been discussed already 20 years ago by Hess [109] and was demonstrated with magnetically trapped hydrogen in 1988 [110] . In 1994, rf induced evaporative cooling was demonstrated with sodium and rubidium atoms by the groups of Cornell and Ketterle [107, 108] who managed to generate the first BECs in dilute gases one year later using exactly this technique. In our experiment, the evaporative cooling technique permits us to cool the sample in the dipole trap from an initial temperature of 50 µK to temperatures around 100 nK. The gain in phase-space density is about four orders of magnitude, while one order of magnitude in the number of atoms is lost during evaporation.
Plain evaporation
During the first seconds in the ODT, a very fast decay of the number of atoms is observed which becomes slower after about half of the atoms are lost (see figure 13(a) ). Along with this decrease of the number comes a very large increase in the phase-space density which was determined from time-of-flight pictures taken during the lifetime of the trap. As two-body loss processes are suppressed in the lowest Zeeman state and there is also no hint for three-body loss in the regime of relatively low density at this stage of optical trapping, the observed loss can be attributed to essentially pure plain evaporation. Figure 13 (b) shows the evolution of the phase-space density during the first 120 s in the ODT plotted versus the number of remaining atoms and versus time. The straight line in the main graph has a slope of 3.6 orders of magnitude gain in phase-space density per lost order of magnitude in the number of atoms and is a linear fit to the data. This illustrates the very high efficiency of the plain evaporation stage. After 5 s it gets less efficient which is identifiable by the data points in figure 13 (b) snapping off from the straight line. During plain evaporation the temperature of the trapped cloud drops from an initial value of 60 µK to 14 µK at the end. After about 10 s in the dipole trap, the change of the temperature is so small that it can no longer be measured. Even after 300 s in the trap, when still more than 100 000 atoms are trapped, we find the same temperature within error bars. It corresponds to a cutoff parameter of η = U 0 /k B T = 9.6.
Cooling in the crossed configuration
The collision rates in the optical trap formed by only one beam are not high enough to support evaporative cooling under the starting conditions that we have. To increase the density and the collision rate, we increase the power of the vertical trapping beam ( figure 3(b) ) during the plain evaporation stage linearly from 0 W to ∼4.5 W. This creates a dimple in the centre of the trapping potential. Such an adiabatic deformation can be viewed as changing the power law of the trapping potential and thus it leads to an increased density and phase-space density as suggested and experimentally demonstrated by Pinkse et al [111] . The principle has since then been used successfully for the reversible generation of Bose-Einstein condensates in a hybrid magnetic/optical trap [112] and for Bose-Einstein condensation in optical traps [7] . Stamper-Kurn explains this effect by a two-box model in [102] . For a crossed dipole trap with chromium atoms, an increase of the phase-space density by a factor of 50 when the dimple is ramped up has been already shown [92] . Figure 14 shows an image of atoms released from a trap at this stage. About 20% of the 7.5 × 10 5 atoms are trapped in the crossed region at a peak density that is one order of magnitude larger than in the wings.
The increased density in the centre also leads to a higher collision rate and allows us to force evaporation in the crossed configuration by gradually reducing the laser intensity in the 
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to (XI). From step (VI) on, • represents the total number of atoms.
• represents only the atoms trapped in the crossed region. For steps (IV) to (XI), the numbers close to the data points are the power in the horizontal beam in per cent of the maximum power. The inset shows a typical image of a cloud at 70% power in the horizontal beam. Starting from step (VI), the phase-space density always refers to the measured peak value in the crossed region.
horizontal trapping beam. To keep the density and collision rate in the dimple at a high level, the intensity of the vertical beam is held at 100% throughout the further evaporation steps. The dynamics during evaporative cooling in this configuration is however not as straightforward as in the single-beam trap because one has to take into account the atoms that are trapped in the crossed region as well as those located in the wings of the horizontal trap. The main feature of these traps is the persistent loading of atoms from the wings into the crossed region [113, 114] by elastic collisions. This effect clearly shows up in our experiment.
With the final optimized evaporation ramp, degeneracy was reached with 100 000 atoms at a temperature around 450 nK .
Six evaporation steps were needed to increase the phase-space density to values larger than one. The final roadmap to reach quantum degeneracy is depicted in figure 15(a) : We ramp the horizontal trapping beam within 5 s to 70%, 1.8 s to 50%, 1.1 s to 30%, 1.2 s to 20%, and 1.6 s to 10% of its initial intensity. In a final ramp, we finally pass the critical PSD of ∼1.2 and Bose-Einstein condensation occurs. This last ramp takes 250 ms and we additionally hold the trap at constant power for another 250 ms to let the system equilibrate before the atoms are released from the trap to take an absorption image. Figure 15 (b) illustrates the evolution of the phase-space density during the whole preparation cycle where the phase space density is plotted versus the number of atoms in the trap.
Step (I) represents the magnetic trap after repumping the atoms to the ground state where we find 1.3 × 10 8 atoms at a PSD of ∼10 −9 . After Doppler cooling (step (II)), the same number of atoms is found but the PSD is increased by two orders of magnitude to 10 −7 . During rf cooling, 2.5 orders of magnitude in the number of atoms are lost and we end up at step (III) with ∼5 × 10 6 atoms and a PSD of 10 −5 . The transfer to the optical trap (step (IV)) increases the phase-space density by a factor of 5 after the magnetic trap has been ramped down while we lose about 60% of the atoms. Right after step (IV), the atoms are transferred to the lowest Zeeman state and plain evaporation increases the PSD to 10 −3 at step (V). Between steps (IV) and (V), we ramp up the second beam of the crossed trap. The number of atoms at this point is >7.5 × 10 5 . From there on, evaporation is forced by ramping down the horizontal beam in 6 steps. The phase-space density and number of atoms after each of these evaporation steps are represented by (VI)-(XI). Starting from step (VI), open circles in the figure represent the number of atoms trapped in the crossed region of the trap. Particularly during the first evaporation steps, a larger number of atoms are still trapped in the outer regions of the first beam shown in the inset of figure 15(b) . During the evaporation process, atoms are permanently loaded from the wings into the crossed region, causing the number of atoms in this region to stay almost constant during steps (VI)-(IX). After stage (IX), finally all remaining atoms are in the crossed trap and the wings of the horizontal beam are empty. From there on we lose less than half of the atoms in steps (X) and (XI) until quantum degeneracy is reached at a remaining ∼6% of the initial power corresponding to ∼600 mW.
The overall gain in phase-space density during the optical trapping period, starting at a PSD of 5 × 10 −5 with 1.5 × 10 6 atoms and ending at a PSD on the order of 1 with 10 5 atoms, is more than four orders of magnitude, whereas we lose only 1.2 orders in the number of atoms. Thus the overall quotient of orders of PSD gain versus orders of atom loss is >3.6-almost twice as large as in the magnetic trap. This suggests the use of higher laser power for the optical trap to form a deeper potential and therefore be able to reduce the time of rf-evaporation in the magnetic trap and transfer the atoms into the ODT already at an earlier stage.
Bose-Einstein condensation of chromium atoms
Reaching degeneracy
When the trap depth is lowered in one final evaporation ramp to a value below 6% of the maximum, Bose-Einstein condensation of chromium atoms is observed at a temperature of 450 nK by the appearance of a narrow peak in the centre of the density distribution on images taken after 4 ms time of flight. Shortly before the peak appears, the closeness to degeneracy announces itself by a deviation of the momentum distribution from the ideal gas limit. Close to T c , the Gaussian and Bose fits of the density distribution start to differ. This effect is illustrated in figure 16 . The first column shows three-dimensional representations of the density distributions obtained from images taken after different final powers of the last evaporation ramp. In these 3D diagrams, dense regions are represented by large values on the vertical axis. The x-and y-directions correspond to the position on the CCD chip. Cuts through the density profiles through the centre of mass of the distribution are displayed in the second column together with the Gaussian-, Bose-, and Thomas-Fermi-fits to the distributions. The third column contains some important data obtained from these fits. The profile in the first row is well represented by a Gaussian (57) , whereas that in the second row is clearly non-Gaussian although it is still not in the degenerate regime. To describe the distribution properly, we have to use (59) (represented by the dashed blue line). In the centre, where the distribution is affected most by the Bose enhancement, the Gaussian fit represented by the black line deviates significantly from the measured density profile. Beginning from the third row, corresponding to 5.8% of the maximum trap depth, the density profile shows a Bose-Einstein condensate in the centre. When the trap depth is reduced further, this central peak grows on cost of a diminishing number of atoms in the surrounding thermal cloud. The last row shows the profile of a nearly pure Bose-Einstein condensate at a very low final power of 2.5% of the maximum corresponding to 230 mW. Gravity adds a potential gradient in the vertical direction and 'tilts' the trapping potential. Therefore the trap depth in this situation is less than 2 µK. The temperature of the remaining thermal atoms has been measured 120 nK which is the lowest temperature ever observed in a sample of chromium atoms. 
Analysing the BEC transition
To analyse the dependence of the condensate fraction on the system temperature, the trap depth was lowered from 10% to 2.1% in a series of consecutive experiments. Absorption images were taken after a relaxation time of 250 ms in the final trap and a time of flight of 4 ms. The temperature was determined from the width of a two-dimensional Gaussian to the outer wings of the thermal cloud (see section 3.2.2) and the number of atoms in the thermal and the condensed part was determined from two-dimensional fits of (60) and (59) to the density profiles. In an optical dipole trap, the trap parameters vary together with the depth of the trap and lead to a dependence of T c on the final trap depth. To eliminate this dependence, the measured temperature was rescaled to the corresponding prediction [79] for the transition temperature T 0 c =¯h
1/3 using the measured number of atoms and the trap parameters. This rescaled temperature was used to calculate the expected condensate fraction under consideration of the finite size of the system and contact interaction among the atoms [115] for every data point. A comparison of the T /T c dependence of the measured condensate fraction with this prediction showed a systematic ∼5% shift to higher temperatures. Because the trapping parameters have been determined with high precision, the calibration of the imaging system was cross-checked to exclude errors in the measurement of sizes, and timing errors are also expected to be orders of magnitude below the 4 ms of time of flight, the determination of the atom number was supposed to be the most likely source for this systematic deviation. Right at the critical temperature, the relation
for condensates of interacting atoms [82] can be used to calculate the total number of atoms by setting N 0 to zero and inserting the measured temperature in the equation
To calibrate the number determination with this method, we used an image of a cloud just above T c where we had to a apply a correction factor of 1.16 to the atom number to fulfil the above equation. This correction factor can be explained by a detuning of the probe light from resonance by 0.20 = 1 MHz, which corresponds to a shift of the lock point by only 1/40 of the signal amplitude of our spectroscopy signal. Additionally, the spectroscopy signal is subject to a long term drift with respect to the resonance in the chamber due to changes of the magnetic fields at the position of the chamber and the position of the spectroscopy cell. With this calibration of the atom number determination, the measured dependence of the condensate fraction on the scaled temperature agrees with the prediction for an interacting Bose-gas within errors as depicted in figure 17 . However, the experimental data seem to lie systematically slightly below the theoretical prediction. Since this kind of measurement is obviously very sensitive to a correct determination of the number of atoms, this deviation could still be due to an error in the atom number.
Expansion of the condensate
A further clear signature of Bose-Einstein condensation is the anisotropy of the expansion in time of flight 14 when the sample is released from an anisotropic trapping potential. To study this effect, we prepared condensates in traps with different anisotropy. Figure 18 shows typical series of time-of-flight images taken after 1 ms to 9 ms of free expansion. The upper row (i) shows images of a thermal cloud just above condensation and (ii) shows a condensate is a shift in the critical temperature due to the finite number of atoms and δT int c takes into account the contact interaction. T is the temperature of the thermal cloud. ----is the theoretical expectation for an ideal gas and takes into account the finite number of atoms. --is for an infinite number of atoms in an ideal gas. The error bars are representative for all data points. To measure with z-polarization, the field has to be turned slowly (within 40 ms) before releasing the atoms. After 1 ms of expansion, we switch suddenly to the x-direction in both cases.
which was released from a trap with a power of 240 mW in the horizontal beam. The trap frequencies on the visible axes are f z = 144 Hz and f y = 222 Hz, resulting in a relatively small anisotropy of f y /f z = 1.5, reflected in an almost isotropic expansion of the condensate. In (iii), the condensate was prepared in the same trap, but before releasing the atoms, the laser power was adiabatically increased to 2.3 W within 250 ms. The frequencies are f z = 144 Hz and f y = 689 Hz corresponding to an aspect ratio of f y /f z = 4.8. As expected, the condensate expands faster on the vertical where the confinement was stronger before the trap was switched off. This leads to the typical change of the aspect ratio.
Observation of dipole-dipole interaction in a degenerate quantum gas
To measure the effect of the magnetic dipole-dipole interaction on the expansion dynamics of the condensate, we prepare an almost pure BEC by decreasing the power in the horizontal trapping beam to 280 mW. A schematic illustration of the subsequent experimental cycle is depicted in figure 19 . After 250 ms equilibration, the intensity of the horizontal beam is increased adiabatically to 2.3 W to form an anisotropic trap (trap parameters f x = 942 Hz, f y = 712 Hz, and f z = 128 Hz). The homogeneous offset field of ∼11.5 G along the y-axis that is used for optical pumping (section 4.3) is always kept on until the trap has been ramped up. After this change of the trap parameters, we either keep the field aligned along y (situation (a)) in figure 19 ) or we rotate the field adiabatically from the y-to the z-direction (situation (b)) in figure 19 ). This is done by increasing the field in z-direction linearly within 40 ms to ∼11.5 G while reducing the field in y-direction during the same time to 0 G. After the field has reached the steady state, we keep the atoms for another 7 ms in the trap to give them enough time to redistribute. The total storage time in both cases of longitudinal ( e z ) or transversal ( e y ) magnetization is equal. Subsequently, the atoms are released by a sudden switch-off of the trapping beams. The polarization field is kept constant for 1 ms after release from the trap and then rotated suddenly to the transversal x-axis in either case by switching on the field in the x-direction and switching off the z-or y-fields. This 1 ms of free expansion is long enough for the mean-field energy to drop to such a small part of its initial value that changing the alignment of the dipoles after this time does not influence the expansion anymore. In other words, after this time the gas is already so dilute that any kind of interaction among the atoms can be neglected compared to the kinetic energy. After an additional time of flight of up to 18 ms plus 1 ms for the detection field to settle (total time of flight 2 ms to 20 ms), an absorption image of the cloud is taken.
The most convenient quantity to analyse the expansion is the aspect ratio κ = R y /R z since it is insensitive to fluctuations of the number of atoms. The only quantities that have to be known exactly are the trap parameters and the ratio ε dd between magnetic dipole-dipole interaction and contact interaction (32) . The trap frequencies of ω x /2π = ( 942 ± 6) Hz, ω y /2π = ( 712± 4) Hz, and ω z /2π = ( 128± 7) Hz have been determined using resonant parametric heating of a thermal cloud by modulating the intensities of the trapping beams [103] . Figure 20 (a) shows the aspect ratio of the BEC for different times of ballistic expansion in sequential experiments where the total time of flight was varied between 2 ms and 14 ms. Due to the long preparation time of ∼1 min 20 s for a BEC, the total measuring time for this graph was more than 4 h. To reduce the influence of systematic drifts during that time, the time of flight of subsequent pictures was chosen randomly. For the same reason, we also changed between y-and z-polarization every 10 shots. An 11-point linear moving average (corresponding to averaging over 2.2 ms time of flight in the graph) has been applied to both sets of data to average out fluctuations in the condensate widths. The expansion does not show features on this time scale that could be concealed by doing so and an average over 2.2 ms is therefore save.
We compare the experimental data [118] to the results of theoretical calculations [119] carried out as discussed in section 2.2.3. The theory does not contain any adjustable parameters.
Instead it only relies on known or measured quantities, namely the number of atoms, the trap frequencies, the magnetic moment, and the s-wave scattering length that characterizes the contact interaction [74] . The blue dotted line represents the theoretical behaviour of a gas interacting solely via s-wave scattering. Compared to this non-dipolar behaviour, the expansion of the chromium condensate shows a dependence on the polarization of the atoms that is in agreement with the theory: With transversal polarization (field along the y-axis), the condensate is elongated in the transversal direction and the aspect ratio is increased; when polarized along the longitudinal direction (field along the z-axis), the condensate is contracted in the vertical direction and the aspect ratio is decreased.
The error bars in figure 20 (a) include only errors that stem from the fit of the condensate size. Systematic errors, e.g. uncertainty of the magnification, are not contained. These systematic errors can be found in figure 20(a) where the mean values of the results of 42 and 32 measurements with y-and z-polarization are represented by a red circle and a black square, respectively 15 . All measurements were performed after the same 10 ms time of flight. The solid error bars are the statistical errors of all measurements and represent ±1 standard deviation with respect to the mean value. Systematic errors that stem from a systematic 2% uncertainty in the size of the cloud affect all measurements in the same way, i.e. they shift the measured aspect ratios of both longitudinal and transversal polarizations by the same amount but do not change the relative difference between the two sets of expansion data. The shift of the measured aspect ratios due to systematic errors is indicated by the dashed/dotted representation of the error-bars (displaced laterally for clarity) in the lower figure. Taking the systematic error into account, also the upper data point for y-polarization (which deviates a little from the theoretical expectation) agrees with the theory within error bars.
A t-test analysis [120] of the two sets of data at 10 ms yields a 99% confidence interval of 0.35-0.53 for the difference κ ⊥ − κ between the aspect ratios in the two cases of transversal and longitudinal polarization. Although the theoretical prediction of κ ⊥ − κ = 0.31 does not lie within this interval, the large confidence level confirms that the two mean values of the measurements are clearly separated and strongly correlated with the polarization of the sample. In the series of measurements at different times of flight however (upper graph), the agreement between theoretical prediction and measurement seems to be much better.
Measurement of the dipole-dipole strength parameter
The starting point for the determination of the dipole-dipole strength parameter ε dd is to analyse the asymptotic behaviour of the condensate radii R i (t) for long times of flight. In this asymptotic limit, which is governed by a collisionless and potential free (except for gravity) ballistic flight, the radii of the cloud can be parameterized as
These radii, as well as the asymptotic velocities v * i =Ṙ i (t) of the expansion scale with the square root of the total energy (27) . Hence, they are proportional to (Na) 1/5 :
15 In all, 50 measurements have been performed at 10 ms with both polarizations. Some of the measurements had to be withdrawn due to an obvious instability of the system which on the one hand lead to a number of shots where the number of atoms was substantially smaller than the average 4.0 ± 0.6 × 10 4 of the remaining measurements. On the other hand, in the measurements with z-polarization, some of the condensates did not fall down vertically but moved significantly to one or the other side during their flight, which we considered a signature that the condensate was kicked (probably by mechanical noise on the optical table) prior to or during switching off the trap. These images were also withdrawn.
Note that the initial values R i (0) = R * i are not the Thomas-Fermi radii R i but are actually smaller than these because the initial acceleration due to the conversion of mean-field energy to kinetic energy is neglected if the parametrization (68) is used. To prove the proportionality, we consider the equations of motion (47) . Now we define dimensionless radiiR(t) that are rescaled to the Thomas-Fermi radii in the form Since this condition must hold for any number of atoms N and any trap geometry defined by the set of trap parameters {ω x , ω y , ω z }, all radii fulfil the condition
which was what we wanted to prove.
Determination of the dipole-dipole strength parameter
To extract the dipole-dipole strength parameter ε dd , we analyse the ratio of the two asymptotic velocities [121] . In particular, this ratio depends only on the asymmetry introduced by the dipole-dipole interaction since the contribution of the s-wave scattering to the total energy is independent of the polarization. We use the two rescaled asymptotic velocities (77) . This relation has been tested numerically and is a very good approximation for a wide range of scattering lengths. It delivers the correct value for ε dd with less than 5% error if the scattering length is larger than 37a 0 . For a > 60 a 0 (i.e. ε dd < 0.25), the error is smaller than 1% and for a > 85 a 0 , it is smaller than 0.2%, i.e. in the expected range of ε dd , higher order terms are negligible.
To determine the asymptotic velocity, we use the condensate radii R(t) measured in a time-of-flight series. Since the number of camera pixels that are covered by the condensate is much larger in the direction of fast expansion, one can expect the most accurate results from the radius R y (t) in y-direction. We first consider the case of polarization along the y-axis. Figure 21 shows the dependence of the condensate radius y-axis with polarization along y on the time of flight for 67 different expansion times. Since the number of atoms is fluctuating during such a series of experiments, a linear fit directly to the measured data would contain these fluctuations as a statistical error. To get rid of this dependence, we make use of the scaling behaviour (70) . By dividing all measured radii R y by the number of atoms in the condensate and multiplying them with the mean value of the fifth root of all measured atom numbers N 1/5 , we get a series of time-dependent radii which are now independent of the atom number
The average number of atoms in this measurement was N = 29 100. The red circles in figure 21 represent the measured R y (t), the black crosses with error bars mark the rescaled R(t) which show much less fluctuations. A linear fit to the rescaled data for times larger than 3 ms to focus only on the asymptotic behaviour yields v * y ( B e y ) = (9.56 ± 0.24) m s from the velocity fits, this yields a measured value of ε dd = 0.159 ± 0.034.
This is in a very good agreement with the strength parameter of ε dd = 0.148 that is expected for a scattering length of a = 103 a 0 . 52 Cr. Since the dipole-dipole interaction strength is exactly known from (32), this result can be used to calculate the scattering length: 
Deducing the s-wave scattering length of
This result is in excellent agreement with the value of (103 ± 13)a 0 that has been obtained by comparing the measured positions of Feshbach resonances in chromium collisions with multichannel calculations [74] . Furthermore, the relative error of ±20% makes it a comparably precise method. Many different techniques have been used to determine the s-wave scattering lengths of ultracold atoms but most of them come along with large error bars, often because the number of atoms enters the measurement.
Conclusion
In conclusion, the experiments presented in this tutorial document the generation of a dipolar chromium Bose-Einstein condensate and the direct observation of magnetic dipole-dipole interaction in a quantum gas. This is the first mechanical manifestation of dipole-dipole interaction in a gas. Among all existing BECs, a chromium BEC is the only one in which atoms interact significantly via magnetic dipole-dipole forces. Bose-Einstein condensation of chromium is achieved by forced evaporative cooling in a crossed optical dipole trap that is loaded from an rf cooled magnetic trap. We identify transition from a classical gas to a quantum degenerate state by the typical appearance of a bimodal momentum distribution and an anisotropic expansion when releasing the cloud from an asymmetric trap.
When a homogeneous magnetic field is applied to polarize the chromium BEC, the atoms redistribute to minimize the total energy which manifests in a change of the expansion dynamics. We find an agreement of the measured dynamics with a parameter-free theory that proves that the theory of dipolar superfluids which I summarized in the theoretical section of this tutorial is well suited to describe the expansion dynamics of a dipolar BEC. The experimental results show that the magnetic dipole-dipole interaction among the atoms in a chromium BEC is strong enough to influence the properties of the condensate and constitute a proof of the dipolar character of a BEC of chromium atoms. The possibility of generating chromium BECs in series of experiments under stable conditions and of storing them for a sufficiently long time are important prerequisites for further experiments. Although heteronuclear molecular BECs are expected to have much larger (electric) dipole moments, such condensates are not available at the moment. It is also questionable whether these condensates will have long enough lifetimes to perform experiments, once they are available. Long lifetimes and large dipole moments are only expected for heteronuclear fermion-fermion molecules [122] [123] [124] that are generated in a low vibrational state which is not easy to achieve (for a review on ultracold molecules see [125] ).
Since it is in fact favourable for most of the expected phenomena to have a larger relative strength of the MDDI, gaining control over the s-wave scattering length was the most important next step to enter the regime of dominant dipole-dipole interaction. In a very recent experiment, our group has demonstrated that it is possible to approach this regime, making the chromium BEC the most promising system for further studies of strong dipolar effects in quantum gases.
